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Liquid-metal infiltrated Cu30Mo70 (wt%) is subjected to severe plastic deformation
using high-pressure torsion. The initially equiaxed dual-phase structure is gradually
transformed into a lamellar structure composed of individual Cu and Mo layers.
The thickness of the lamellae varies between the micro- and nanometer ranges
depending on the amount of applied strain. Consistent with the refinement of the
microstructural features, strength and hardness substantially increase. In addition,
an acceptable ductility is found in the intermediate deformation range. An
assessment of the damage tolerance of the produced composites is performed by
measuring the fracture toughness in different crack propagation directions. The
results indicate the development of a pronounced anisotropy with increasing
degree of deformation which is an effect of the concurrent alignment of the
nanostructured lamellar composite into the shear plane.
1. Introduction
Over the last 30 years, a large variety of significant research areas,
ranging from microstructural evolution[1,2] through the character-
ization of important mechanical and functional properties[3,4] to
the invention of novel and industrial relevant processing techni-
ques,[5–7] have developed in the SPD (severe plastic deformation)
community. Especially in the last 10 years, the fracture behavior of
ultrafine-grained (UFG) and nanocrystalline (NC) metals
processed by SPD techniques has come to
the center of experimental interest in several
research groups.[8–15] It was found that UFG
and NC metals show a wide spectrum of
fracture properties depending on factors
such as the testing orientation, extent of
SPD deformation, and temperature. The
need to test different orientations in SPD-
processed materials, which are essential
for materials exhibiting pronounced grain
aspect ratios, showcased the ability to
obtain one of the highest levels of damage
tolerance, achievable in technically relevant
metallic alloys.[16] At the same time, it
needed to be conceded that a simple
grain-size-dependent description of the frac-
ture properties in these types of materials,
such as the fracture toughness, is widely
misleading due to the evolving anisotropy of the fracture resis-
tance, with very strong and weak crack propagation directions
being present for the same material state. The inclusion of the
testing temperature into the considerations of the failure process
proved that the occurrence of weak specimen orientations cannot
be simply referred to excessive amounts of impurity levels at the
grain boundaries provoking intergranular failure.[17] Nevertheless,
a principal classification of thematerials into “ductile” and “brittle”
ones can be often made following the behavior that would be
expected from the coarse-grained counterparts.[18] To conclude,
a lot of insight into failure of SPD metals has been be gained.
Most of the investigations, however, were performed on pure
or single-phase materials.[18] One interesting question that arises
is therefore, how dual-phase materials behave, which become
increasingly more a focus of research in the SPD community.
In this study, the fracture behavior of liquid-metal infiltrated
Cu30Mo70 (wt%) was investigated. Molybdenum–copper compo-
sites are used in high-power electrical applications, such as heat-
sinks,[19,20] electrical contacts andmicroelectronic packaging,[19–22]
and high-power microwave devices.[20] For such applications,
high electrical and high thermal conductivity are essential prop-
erties.[19–24] Molybdenum is ideally suited for microelectronic
packaging because its thermal expansion coefficient is close
to the one of Si.[21] In a former study where Cu30Mo70 was sub-
jected to high pressure torsion (HPT), it could be already shown
that a nanostructured, oriented microstructure with hardness
levels up to 600 HV is achievable,[25] which would be also well
suited for thermoelectric applications. The idea for a continua-
tion of the studies on this alloy is twofold: on the one hand, UFG
copper has shown to have good damage tolerance[26] whereas
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Mo is known to become severely brittle in the SPD state.[27] The
present alloy type provides the possibility to analyze the compos-
ite behavior of intrinsically brittle and ductile UFGmaterials and
possibly show that forming a composite is a feasible way to
improve the fracture behavior of “brittle” UFG materials, such
as Mo. On the other hand, the implementation of nanostruc-
tured Cu30Mo70 for example in high-power electrical applica-
tions may also require an adequate damage tolerance which
has not been analyzed yet.
2. Experimental Section
In the present study, a liquid-metal infiltrated Mo–Cu composite
provided by Plansee SE, Austria with a nominal composition of
30 wt% (40 at%) Cu and 70wt% (60 at%) Mo was investigated,
which will be hereafter specified as Cu30Mo70. Two types of
HPT samples were in use: “Small” disks with a diameter of
8mm and an approximate thickness of 0.8mm were sufficient
to prepare tensile samples and to investigate the microstructural
evolution to very high deformation strains. In addition for fracture
experiments, “large” disks having a diameter of 30mm and an ini-
tial thickness of 10mm were in use with the minor disadvantage
of a lower maximum useable hydrostatic pressure and therefore
lower degree of maximum deformation. Both specimen types were
cut from the as-receivedmaterial. The small disks were subjected to
deformation in a quasi-constrained HPT rig with a capacity of
400 kN; the large samples were processed with a larger device with
amaximum load capacity of 4000 kN. In both cases, the process was
performed at room temperature applying a pressure of 7.6 and
5.7 GPa, and a rotational speed of 0.2 and 0.07 revolutions per
min for the small and large samples, respectively. These parameters
represented standard values for the machines used. In the case of
the small disks, the number of rotations varied between 0.5 and 8,
whereas in the case of the larger disks, 2 or 4 rotations were applied.
The deformation introduced in the samples can be related to the
shear strain γ
γ ¼ 2πr
t
n (1)
Here r is the distance from the center of the disk, t is the thick-
ness, and n is the number of rotations. From the large HPT
disks, compact-tension C(T) fracture-toughness specimens were
manufactured (Figure 1a) by electrical discharge machining in
general accordance with ASTM standard E399.[28] The samples
were produced with a width W of 5.2 mm, thickness B of
2.6 mm, and a crack length a of2.6 mm. Three different spec-
imen orientations were investigated and the orientation was
encoded with two letters that indicated the crack plane normal
and expected crack propagation direction according to the used
coordinate system as shown in Figure 1a. The samples were pre-
notched with a razor blade polishing technique and prefatigued
under compression–compression loading with a stress ratio 20
and a stress-intensity-factor range between 10 and 25MPam1/2 to
introduce a sharp precrack into the material. For comparative
purposes, the fracture behavior of the prematerial was investi-
gated as well. For that single-edge notched tension (SENT) sam-
ples were produced with W¼ 20mm, B¼ 10mm, a¼ 10mm,
and a specimen length S of 90mm. The samples were tested
under three-point loading conditions with a support span length
of 80mm to evaluate the J-Integral as per ASTM E1820-08 using
a multi-specimen approach.[29]
To assess the tensile properties of the composite, tensile samples
with a round cross-section having a diameter of 0.5mm and a
gauge length of 2.5mmwere produced using the small HPT disks.
The gauge length was located at a radius of 2mm (Figure 1b). The
tests were performed at room temperature with a tensile testing
machine from Kammrath and Weiss equipped with a 2 kN load
cell and a crosshead speed of 2.5 μms1. For each microstructural
condition, one sample was tested. Due to the low number of experi-
ments, an error estimation was carried out with the Gaussian error
propagation law. Details to that are summarized in the supporting
information to this article. The strain was evaluated using auto-
mated digital image correlation. Further details on the specimen
production and evaluation process can be found elsewhere.[30]
The hardness of the small samples along the radial direction of
the deformed disks was measured with a microhardness tester
Figure 1. a) Schematic of the C(T) samples used for fracture toughness
measurements and b) tensile samples.
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Micromet 5104 from Buehler using a load of 9.81 N, a distance of
0.25mm between individual indents, and a dwell time of 15 s.
For the hardness measurements of the large samples, the dis-
tance between the indents was taken larger with 1mm. The hard-
ness of the C(T) samples was measured by making four to six
indents close to the notch on both sides of the samples followed
by calculating the mean value. These hardness values linked the
microstructure and hardness investigated on the small samples
with the one to be expected in the large HPT disks. The hardness
measurements performed on the large disks can be found in the
supporting information to this article. Microstructural and fracto-
graphic investigations were performed with a field emission
scanning electron microscope (SEM) Zeiss Gemini 1525 pos-
sessing an electron back scatter diffraction (EBSD) detector
(e-FlashFS) and an EDS detector (XFlash©6) from Bruker.
3. Results
3.1. Microstructure Evolution
The undeformed prematerial examined in the tangential direc-
tion is shown in Figure 2 with an inverse pole figure (IPF)
(Figure 2a) and a phase map (Figure 2b). It is noted that the same
coordinate system for the undeformed as well as for the
deformed disks is used (see Figure 1a). The comparison shows
that the Mo areas consist of individual grains separated by high-
angle boundaries, while in Cu this kind of boundary is rare. This
implies that the grain size of the Cu-phase seems to be very large.
The average grain size of Mo is 6 μm. An inspection into a sec-
ond viewing direction, for example, the axial direction (not dis-
played), leads to the same results as regards grain size and the
appearance of grain shape. This indicates that theMo-phase has a
spheroidal grain shape however no specific texture. In contrast,
the Cu-phase seems to be textured or consist of relatively large
grains as a result of the infiltration process.
In Figure 3, the most significant steps of structural refinement
observed parallel to the tangential direction are presented using a
back-scatter electron detector in the SEM. Figure 3a shows the
structure after a shear strain, γ, of 44. The Mo-phase becomes
compressed and elongated in the shear plane. With increasing
deformation (γ 94), Figure 3b, the Mo-phase is continuously
refined through a combination of structural elongation and
necking. In addition, substructure formation can be observed
within the individual phases, as shown in Figure 3c. This substruc-
ture formation, which can be compared with the microstructural
refinement of the individual pure metals, is supposed to be the
main cause for ane increase in hardness. For higher strains, the
hardness progressively increases as the structure is further refined,
Figure 3d (γ 143). For the highest achieved degree of deforma-
tion (Figure 3e), which is γ 244, the substructure is nanocrystal-
line. The grain size of the Mo-phase is not determinable by SEM;
however, from Figure 3f, it can be inferred that it is smaller than
the one to be expected for the equilibrium or saturation grain size
of the pure elements, which is rather in the range of a couple hun-
dreds of nanometers.[31] A more comprehensive investigation of
the microstructural evolution of the present alloy can be found
elsewhere.[25]
Along with the microstructural refinement, the hardness and
tensile behavior was investigated (Figure 4). The hardness as a
function of applied strain (Figure 4a) was obtained by converting
the radial positions of the hardness measurements into γ
(Equation (1)). The hardness of the undeformed material is about
125HV. The lowest hardness levels, taken from the centers of the
disks, are however always higher than the value of the undeformed
material due to the hardening contribution of the compression
deformation introduced before the HPT disk is rotated. Only
for the highest number of rotations, the onset of a saturation
regime, indicated by a pronounced change in the slope of the
hardness curve, seems to appear. This is consistent with other
investigated composites, such as pearlitic steels,[32] in which at
a high number of rotations, a saturation regime seems to occur.
However, in both cases, the maximum hardness is rather
restricted by the hardness of the anvils than by the physical rea-
sons. With the change in hardness, a distinctive increase in yield
strength and ultimate tensile strength of the composite was also
measured as shown in Figure 4b and summarized in Table 1.
In comparison with the undeformed material, see Table 1, the
ductility is drastically reduced by even 0.5 rotations of HPT; how-
ever, it remains more or less stable up to 2.6 rotations. In this
Figure 2. a) Representation of the prematerial investigated in the tangential direction with an IPF-map and b) the corresponding phase map. Large angle
boundaries are inserted in blue, green areas correspond to Mo, whereas red ones belong to Cu. Black areas represent areas where patterns were unsat-
isfactorily indexed to display the orientation and phase.
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context, it has to be emphasized that the data on the undeformed
material, which was provided by the manufacturer Plansee SE,
originate from samples with a different geometry (length
25mm, width10mm). As a result, a straightforward compar-
ison between the samples bears some difficulties. Due to the rel-
atively low hardness, attempts to produce miniaturized samples
of the as-received material were not successful. Efforts to mea-
sure the tensile behavior of the more heavily SPD-deformed sam-
ples resulted in a failure of the sample during the preparation
process or during the tensile test in the elastic regime and are
therefore not presented. This behavior seems to be related to
the changes of fracture toughness.
An examination of the tensile samples’ fracture surfaces
(Figure 5) indicate that in the investigated deformation regime
the failure type does not change drastically. For both low degrees
of deformation, Figure 5a,b, as well as for higher strains,
Figure 5c,d, a microductile fracture surface is recognizable. As
the lower magnified images (Figure 5a,c) suggest the extent of
Figure 4. Mechanical properties of the investigated composite. a) Hardness evolution as a function of applied shear strain. b) Representative stress–
strain curves for different amounts of predeformation. The shear strains are calculated for a radius of 2 mm, where the nominal position of the gauge
length is situated.
Figure 3. Significant changes in the microstructure upon deformation for shear strains of a) γ 44, b) γ 94, d) γ 143, and e) γ 244 investigated
in the tangential direction using large HPT-disks. Magnified views of (b,e) are displayed in (c,f). Mo with the higher atomic number appears bright, while
Cu-regions are dark.
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necking in the samples seems to be low, which is consistent with
the trends shown in the tensile curves, Figure 4b. The remaining
ductility of the deformed samples is mainly a consequence of the
uniform elongation. Extensive necking, which would be observ-
able as a load decrease in the engineering stress, is not
pronounced.
3.2. Fracture Toughness
The fracture toughness of the undeformed state was obtained by
measuring the J-Integral according to ASTM-standard E1820.[29]
More details to these measurements can be found in the
supporting information for this article. A conversion of a J-value
to equivalent stress intensity is made by
KIC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JiE
ð1 v2Þ
s
(2)
Here, KIC, is the fracture toughness, E, the Young’s modulus
with 226 GPa, ν, is the Poisson ratio, which was assumed to be
0.3, and Ji is the J initiation value, which should not be confused
with a JIC value as defined in the ASTM-standard. More
details can be found in the supporting information to this article.
Ji was measured to be 16 kJm
2, which is equivalent to
KIC¼ 63MPam1/2.
A summary of the fracture toughness values presenting the
fracture toughness evolution of all three testing directions of
the deformed samples as a function of hardness is shown in
Figure 6. The hardness values are mean values of the hardness
(four to six indents) measured on both sides of the specimen near
the notch before the test. In addition, the K-value of the unde-
formed material is inserted. With SPD deformation, which leads
to a hardness increase, the fracture toughness generally deteri-
orates and at the same time a distinctive influence of the testing
direction on the fracture resistance becomes recognizable. The
A–T orientation contains the lowest values and the T–R orienta-
tion contains the highest ones. A comparison of the hardness
data in Figure 6 (obtained from the large HPT-disks) with the
hardness plots in Figure 4 (measured on the small HPT-disks)
Table 1. Yield strength, σy, the ultimate tensile strength, σUTS, and ductility
in terms of the elongation at fracture, εfr of Cu30Mo70 subjected to different
number of rotations. An error estimation for σUTS yielded a value of 2%
and 0.1% for the measured strain. For more details, see the supporting
information to this article.
Rotations σy [MPa] σUTS [MPa] εfr [%]
Undeformed 300 482 30.5
0.5 790 836 1.7
0.75 835 960 3.5
1.5 850 1035 4.3
2.6 1005 1253 3.6
Figure 5. Typical fractographs of tensile samples subjected to 0.5 (a,b) and 2.6 (c,d) rotations.
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shows that the fracture toughness experiments were only per-
formed up to a hardness of 450HV. Problems with specimen
preparation due to the low fracture toughness in the A–T orien-
tation are the main cause why specimens with even higher hard-
ness levels were not investigated.
4. Discussion
The results indicate that the HPT processing of Cu30Mo70 leads
to substantial changes of the microstructure and mechanical
properties. First, the hardness and strength exhibit a strong
increase. Second, even though the ductility of the undeformed
material is higher, a distinctive amount of ductility can also be
measured in the deformed states. Third, the microstructural
alignment also leads to a pronounced anisotropy of the fracture
resistance which will be in the center of the following
discussion.
4.1. Anisotropy of Fracture Toughness
To scrutinize the origin for the increasing anisotropy, as shown
in Figure 6, typical fractographs of the samples with the different
crack propagation directions are shown in Figure 7. In the unde-
formed material at low magnifications, Figure 7a, a relatively
rough fracture surface is observable with a distinct transition
from the fatigue precrack to the overload fracture surface. At
higher magnifications (Figure 7b), the typical mixed fracture type
of this composite can be noticed, where the deformation is mainly
carried by the ductile Cu-phase whereas in the polyhedral-shaped
Mo grains almost no sign of plasticity is observable. In the
deformed state, a drastic change in the fractographs is observable
depending mainly on the chosen crack growth direction.
In the A–T orientation, the fracture surface becomes gradually
flatter with increasing prestrain, Figure 7c, which is a result of
the microstructural alignment. This means that the crack path
tortuosity is reduced along with the fracture resistance. In addi-
tion, the plasticity in the Cu-phase seems to become reduced as
Figure 6. Fracture toughness of the Cu30Mo70 composite for the different
specimen orientations as a function of the hardness of the samples.
Figure 7. Fractographs representing significant fracture features. a,b) Undeformed material (hardness 125 HV, fracture toughness 63MPam1/2)
c,d) deformed material in the A–T orientation (hardness 254 HV, fracture toughness 18MPam1/2) e,f) T–R orientation (hardness 274 HV, fracture
toughness 42MPam1/2). Dashed lines are inserted where applicable to delineate the transition from the fatigue precrack to the overload fracture
surface.
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well, which can be inferred from the relatively flat dimple struc-
ture, Figure 7d. Due to the re-orientation of the composite and
the fact that plasticity during the fracture process is mainly
carried by the Cu-phase, void formation leading to the dimple
structure is restricted to the aligned copper channels between
the Mo-grains. The typical microstructure for the presented frac-
tographs is shown in Figure 3a.
The T–A orientation exhibits the same fracture features as
observable in the A–T orientation and are therefore not shown.
The reason for the similarities is that in this testing orientation
the crack deflects instantly under an angle of 90. This means
that the crack propagates in the same crack plane orientation as
in A–T samples. The reason for this behavior seems to be a much
higher fracture resistance of the material for the precrack being
perpendicularly oriented to the aligned microstructure. The frac-
ture toughness values in this direction yield higher values
because of the locally deflected crack. In the extreme case of a
90 deflection the crack driving force for the locally kinked crack
is only half of the one of a straight propagating crack.[33]
Therefore, the apparent fracture toughness in this direction is
typically twice the one measured in the A–T orientation where
crack deflection does not occur. Nevertheless, these measured
values represent only lower bound values. In reality, if it was pos-
sible to force the crack to propagate in the desired direction, for
example by using deeply side grooved samples, a much higher
fracture toughness is expected.
In the T–R orientation, Figure 7e,f, the fracture surface exhib-
its various delaminations. The positive effect of this feature on
keeping the fracture toughness high is well known.[34,35] Their
formation prior or at the onset of fracture leads to a change
of the stress state at the crack tip from a plane strain- to a plane
stress-dominated one. The latter allows more plastic deformation
before failure and therefore allows a higher measurable fracture
toughness—in this instance, the highest one in a direct compar-
ison of the three investigated specimen orientations. The forma-
tion of the delaminations is connected to the results of the A–T
orientation. This orientation has the same crack plane and crack
opening direction as the delaminations in T–R specimens.
Therefore, the local fracture behavior of the secondary cracks,
i.e. delaminations, is controlled by the fracture resistance of
the A–T specimens and the evolving weak crack path with
increasing deformation. This demonstrates that the high fracture
resistance in the T–R orientation is a result of having this weak
crack growth resistance found in the A–T orientation.
4.2. Origin of Weak Crack Path
The origin of the anisotropy seems to be connected with a rela-
tively weak crack path parallel to the tangential direction in which
the structural elements are aligned. Analogies to this result can
be found in preceding studies dealing with two phase materials
such as pearlitic[36] and duplex steels.[37] In case of a pearlitic
steel, the interface between ferrite and the partially transformed
cementite has been identified as the weakest link. For the duplex
steel, intralamellar failure within the ferritic phase as well as
interlamellar failure along the ferrite–austenite interface was
dominant.[37] To learn more about the prevalent crack path in
the A–T orientation with its low fracture toughness, further frac-
tographs of identical areas identified on both fracture specimens
halves of a sample with a fracture toughness of 6MPam1/2
(460HV) are shown in Figure 8.
In principal, two different morphologies can be observed.
First, there are relatively rough areas, which belong to micro-
ductile dimple fracture. Second, there are very smooth regions
as well, which belongs to a more brittle phase. In addition, the
fractographs match each other perfectly or in other words there
are no regions observable where on one half a rough feature and
on the other half a smooth feature coincide in the same posi-
tion. EDS measurements (area scans are presented in the sup-
porting information for this article to strengthen the following
line of arguments) indicate that the smooth brittle areas consist
of Mo and the ductile of Cu (EDS measurements were only
taken from one fracture half). This would imply that matching
areas belong to the same phase and that intralamellar crack
growth, within a phase and not along phase boundaries, pre-
vails. For interlamellar crack growth, one would expect that
for example a brittle region on one fracture surface would
match with a microductile region on the other fracture surface
or vice versa. Only under these circumstances, pure interlam-
ellar failure between a Mo–Cu interface would be expected.
However, EDS spot measurements (see Table 2 in conjunction
with Figure 8) and EDS maps in the supporting information
Figure 8. Comparison of fracture surfaces taken from identical areas on both halves of the fractured sample with a fracture toughness of 6MPam1/2. It is
noted that the left image (a) has been mirrored to facilitate the comparison with the other fracture half (b). Capital letters indicate matching areas on both
fracture halves. The numbers indicate locations where EDS-spot measurements were performed.
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also prove that the individual areas consist not only of the
respective element. The spot measurements, in which the
radius of interaction volume for Mo is in the order of
100 nm (6 kV acceleration voltage), reveal the presence of Cu
in the smooth areas and the presence of Mo in the ductile areas.
In case of the smooth Mo areas, the Cu is located on top of Mo
because in this hardness regime the typical Mo-lamella thick-
ness is in the order of micrometers, see also Figure 3b.
Dissolution of Cu in Mo is not expected for the amount of defor-
mation applied, and the microstructural scale either. For the
ductile phase, the presence of Mo can be explained by the fact
that the Cu-phase during deformation forms very fine lamella
resulting in the detection of Mo from an adjacent area beneath.
To conclude, the presence of Cu in the Mo-rich areas suggests
that intralamellar fracture within the Mo-phase, i.e., intercrys-
talline fracture, does not occur. The preferential crack path is
mainly intralamellar in the Cu-phase and two scenarios are
conceivable. i) The crack propagates in the very fine
Cu-channels between the Mo-particles leading to the appear-
ance of brittle areas. Without any in-situ experiments, it can
however not be judged if the crack runs in the center of the
channel or presumably very close to one of the neighboring
interfaces. ii) The crack runs in the thicker Cu-lamellae leading
to the ductile appearance on the fractograph where resulting
dimples are visible on both halves of the fracture surface.
These ideas are consistent with the typical microstructure for
this fracture toughness regime as shown in Figure 3b,c.
4.3. Comparison with Single-Phase Fracture Toughness
The general idea of producing composites is to obtain improved
mechanical or functional properties which the single constitu-
ents do not possess on their own. To discuss how the fracture
toughness in the highly deformed state benefits from this basic
principle, it is helpful to take the fracture toughness of the pure
elements in the SPD state into account. In the following, only the
weak crack path is considered. To measure the fracture tough-
ness of pure HPT-deformed Mo, additional experiments were
performed yielding a value of 3.3MPam1/2. The most significant
experimental details to this evaluation are summarized in the
supporting information to this article. The fracture toughness
of pure copper can be found in another publication[26] with a
value of 33.4MPam1/2. The large difference in the fracture
toughness between the pure elements in the SPD state (factor
of 10) is also reflected by the typical fractographs, Figure 9.
SPD-Cu fails in a micro-ductile manner with a pronounced
stretched zone, which implies that the crack is strongly blunted
before the crack propagates. In contrast, for SPD-deformed Mo,
there are almost no indications of plasticity and intergranular
failure prevails. At the same time, there is also a large variation
in hardness which is 140HV for Cu and 540 HV for Mo.
A simplistic approach to model the fracture toughness of the
composite would be to apply a linear rule of mixture. In such a
case by considering the volume percentages of Cu (33%) and
Mo (67%) and the fracture toughness of the pure SPD-processed
elements, a fracture toughness of around 13MPam1/2 would be
expected, which is twice as high as the lowest one that was mea-
sured for the composite. The nonapplicability of this simple rule
suggests that for the prediction of the fracture resistance in SPD
composites, various other factors need to be taken into account.
The main factor is that the intrinsic fracture behavior of pure Cu
and Mo differs markedly from the fracture behavior of the com-
posite as shown in Figure 8 and 9. This is a result of the align-
ment of the structure leading to preferential crack paths, which
seem to be intralamellar ones in the Cu-phase. At the same time,
intergranular fracture in Mo, as found for the pure metal, does
not occur either. The fracture toughness of pure SPD-Cu, which
is very high, is however also not controlling the toughness of
the composite as the grain size or lamella thickness in the pure
Table 2. EDS spot measurements indicated in Figure 8 executed on both,
smooth-brittle and rough-ductile areas. All numbers are in at.%. The
precision of the analysis is estimated to be 1%.
Position Mo Cu
1 85 15
2 86 14
3 80 20
4 34 66
5 11 89
6 35 65
Figure 9. Comparison of the failure type of the pure deformed metals. a) SPD-Cu b) SPD-Mo.
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SPD-state and within the composite strongly differs. In addition,
the deformation of Cu is also strongly constrained between the
Mo-phase as a result the same large crack tip opening, as in the
case of the pure metal (Figure 9a), is not possible. Other factors
which make the prediction of the fracture resistance of the com-
posite even more difficult are that the extent of alignment and as
a consequence the fracture toughness also depends on the
amount of prestrain. Finally, due to the weak crack path, a
pronounced anisotropy in the fracture resistance arises as well.
This shows the complexity and problems one has to face in the
prediction of fracture properties of such composite structures.
Therefore, future work will concentrate on varying the deforma-
tion temperature which would have an influence on the
microstructural evolution and the resulting fracture toughness
anisotropy. At the same time, a post-SPD heat treatment in
deformed samples may also have a positive effect on restoring
ductility, especially in the Cu-phase and could be beneficial
for raising the fracture toughness in the weak orientation as well.
Nevertheless, even though there is one crucial or weak specimen
orientation, in the other testing directions, a much higher frac-
ture resistance was found. This means that by a rational design of
components in which the anisotropy of the material is taken into
account, this material type could be used for applications
demanding high strength and fracture toughness.
5. Summary and Conclusions
In this study, the deformation and fracture behavior of a
Cu30Mo70 composite subjected to high pressure torsion was
investigated. To account for the microstructural alignment upon
deformation, the fracture toughness was measured for different
crack plane orientations. The main conclusions are as follows:
1) The HPT process not only leads to a refinement but also to
a re-orientation of the individual constituents parallel to the shear
plane of the disk. 2) The changes in the microstructure result in a
substantial increase in hardness and strength, and even a mod-
erate amount of ductility could be restored in the intermediate
SPD regime. 3) The microstructural changes induce a pro-
nounced anisotropy in the fracture toughness and failure behav-
ior with weak crack paths along the microstructural alignment.
This re-arrangement is however significant for the toughness
enhancement through deflection and delamination toughening
for the other testing directions.
Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
Acknowledgements
This project has received funding from the European Research Council
(ERC) under the European Union’s Horizon 2020 research and innovation
programme (grant agreement No 340185 and No 757333). The authors
thank also R. Neubauer, P. Kutleša, and M. Rockenschaub for their help
with the sample preparation.
Conflict of Interest
The authors declare no conflict of interest.
Keywords
fracture toughness, high-pressure torsion, Mo-Cu composites,
nanocrystalline, severe plastic deformation
Received: April 29, 2019
Revised: June 29, 2019
Published online: August 20, 2019
[1] R. Z. Valiev, R. K. Islamgaliev, I. V. Alexandrov, Prog. Mater. Sci. 2000,
45, 103.
[2] T. G. Langdon, Acta Mater. 2013, 61, 7035.
[3] R. Z. Valiev, Y. Estrin, Z. Horita, T. G. Langdon, M. J. Zehetbauer,
Y. T. Zhu, Mater. Res. Lett. 2016, 4, 1.
[4] Y. Estrin, A. Vinogradov, Acta Mater. 2013, 61, 782.
[5] G. J. Raab, R. Z. Valiev, T. C. Lowe, Y. T. Zhu,Mater. Sci. Eng. A 2004,
382, 30.
[6] K. Edalati, Z. Horita, J. Mater. Sci. 2010, 45, 4578.
[7] Y. Ivanisenko, R. Kulagin, V. Fedorov, A. Mazilkin, T. Scherer,
B. Baretzky, H. Hahn, Mater. Sci. Eng. A 2016, 664, 247.
[8] P. Hübner, R. Kiessling, H. Biermann, A. Vinogradov, Int. J. Mater.
Res. 2006, 97, 1566.
[9] M. Faleschini, H. Kreuzer, D. Kiener, R. Pippan, J. Nucl. Mater. 2007,
367–370, 800.
[10] Y. Kimura, T. Inoue, F. Yin, K. Tsuzaki, Science 2008, 320,
1057.
[11] A. Singh, L. Tang, M. Dao, L. Lu, S. Suresh, Acta Mater. 2011, 59,
2437.
[12] M. Gizynski, Z. Pakiela, W. Chrominski, M. Kulczyk,Mater. Sci. Eng. A
2015, 632, 35.
[13] B. N. Jaya, S. Goto, G. Richter, C. Kirchlechner, G. Dehm, Mater. Sci.
Eng. A 2017, 707, 164.
[14] I. P. Semenova, J. M. Modina, A. V. Polyakov, G. V. Klevtsov,
N. A. Klevtsova, I. N. Pigaleva, R. Z. Valiev, T. G. Langdon, Mater.
Sci. Eng. A 2018, 716, 260.
[15] O. V. Rybalchenko, D. V. Prosvirnin, A. A. Tokar, V. P. Levin,
M. R. Tyutin, G. I. Raab, L. R. Botvina, S. V. Dobatkin, J. Phys.:
Conf. Ser. 2018, 1134, article no. 012049.
[16] A. Hohenwarter, B. Völker, M. W. Kapp, Y. Li, S. Goto, D. Raabe,
R. Pippan, Sci. Rep. 2016, 6, 33228.
[17] A. Hohenwarter, C. Kammerhofer, R. Pippan, J. Mater. Sci. 2010, 45,
4805.
[18] R. Pippan, A. Hohenwarter, Mater. Res. Lett. 2016, 4, 127.
[19] C. Aguilar, D. Guzman, P. A. Rojas, S. Ordon˜ez, R. Rios,Mater. Chem.
Phys. 2011, 128, 539.
[20] A. Kumar, K. Jayasankar, M. Debata, A. Mandal, J. Alloys Compd. 2015,
647, 1040.
[21] J. L. Johnson, R. M. German, Metall. Mater. Trans. A 2001,
32, 605.
[22] C. Aguilar, S. Ordón˜ez, J. Marín, F. Castro, V. Martínez, Mater. Sci.
Eng. A 2007, 464, 288.
[23] S. Guo, Q. Kang, C. Cai, X. Qu, Rare Met. 2012, 31, 368.
[24] F. Fang, Y. Y. Zhou, W. Yang, Int. J. Refract. Met. Hard Mater. 2014,
42, 120.
[25] J. M. Rosalie, J. Guo, R. Pippan, Z. Zhang, J. Mater. Sci. 2017, 52,
9872.
[26] A. Hohenwarter, R. Pippan, Mater. Sci. Eng., A. 2012, 540, 89.
www.advancedsciencenews.com www.aem-journal.com
Adv. Eng. Mater. 2020, 22, 1900474 1900474 (9 of 10) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
[27] A. Hohenwarter, R. Pippan, Philos. Trans. R. Soc., A 2015, 373,
20140366.
[28] ASTM E399-90, Standard Tests Method for Plane-Strain Fracture
Toughness of Metallic Materials; American Society of testing and
Materials, Philadelphia 2001.
[29] ASTM-standard E1820-08, Standard Test Method for Measurement of
Fracture Toughness; American Society of testing and Materials, West
Conshohocken 2008.
[30] G. B. Rathmayr, A. Bachmaier, R. Pippan, J. Test. Eval. 2013, 41, 635.
[31] K. Edalati, Z. Horita, Acta Mater. 2011, 59, 6831.
[32] A. Hohenwarter, A. Bachmaier, B. Gludovatz, S. Scheriau, R. Pippan,
Int. J. Mater. Res. 2009, 100, 1653.
[33] B. Cotterell, J. R. Rice, Int. J. Fract. 1980, 16, 155.
[34] K. T. V. Rao, W. Yu, R. O. Ritchie, Metall. Trans. A 1989, 20, 485.
[35] R. W. Hertzberg, Deformation and Fracture Mechanics of Engineering
Materials, 4th ed., Wiley, New York 1996.
[36] T. Leitner, S. Sackl, B. Völker, H. Riedl, H. Clemens, R. Pippan,
A. Hohenwarter, Scr. Mater. 2018, 142, 66.
[37] K. T. Schwarz, K. S. Kormout, R. Pippan, A. Hohenwarter, Mater. Sci.
Eng. A 2017, 703, 173.
www.advancedsciencenews.com www.aem-journal.com
Adv. Eng. Mater. 2020, 22, 1900474 1900474 (10 of 10) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
